Recent molecular data using resynthesized polyploids of Brassica napus established that genome changes can occur rapidly after polyploid formation. In this study we present data that de novo phenotypic variation for flowering time also occurs rapidly after polyploidization. Two initial polyploid plants were developed by reciprocal crosses of B. rapa and B. oleracea followed by chromosome doubling to establish two lineages, each of which was expected to be homozygous and homogeneous. Several sublineages of each lineage were advanced by self-pollination. The range in days to flower of the sixth generation plants was 39-75 and 43-64 for the two lineages. Analysis of seventh generation progeny indicated that the variation was heritable. Lines were selected and self-pollinated to the eighth generation and also testcrossed to a natural B. napus cultivar; the testcross plants were then self-pollinated. Differences in flowering time were also inherited in these advanced generations. Days to flower was significantly correlated with leaf number in each generation. The rapid evolution of new phenotypic variation, like that observed in this model system, may have contributed to the success and diversification of natural polyploid organisms.
Researchers have long appreciated the importance of polyploidy in plant evolution (Stebbins 1950) , and with the advent of molecular techniques they have begun to grasp the dynamic and complex evolution, organization, and function of polyploid genomes ( Leitch and Bennett 1997; Soltis and Soltis 1993; Wendel 2000) . Polyploidy has played an important role in the history of many branches of the tree of life (Sidow 1996; Wolfe and Shields 1997) , including angiosperms, where it is estimated that 70% of species have had polyploidy in their history (Masterson 1994) . In addition to many ''paleopolyploids'' among flowering plants, the formation of new polyploids is still an active and important mechanism of generating new species and diversity, including many important crop plants ( Leitch and Bennett 1997) .
Polyploids often possess novel physiological and life-history traits not present in diploid progenitors that may be important for establishment of the polyploid species ( Levin 1983) . Some of these traits, such as increased drought tolerance, pest resistance, and organ size, may allow the polyploid to enter a new niche not inhabited by the diploid progenitors. Others, such as increased levels of self-fertilization, apomixis, and changes in flowering time, may create prezygotic barriers between the diploids and polyploids that facilitate sympatric establishment ( Thompson and Lumaret 1992) . The appearance of novel variation can be the direct result of polyploidization, as has been observed for some traits in resynthesized polyploids [several examples reviewed by Levin (1983) ]. Alternatively, new variation could evolve after the formation of the polyploid, and it may be important that this variation arise quickly for new polyploids to become established.
To examine early events in the evolution of allopolyploids, Song et al. (1993) resynthesized Brassica polyploids using the hypothesized diploid progenitors and advanced the new homozygous polyploids several generations by self-pollination. When these materials were analyzed for restriction fragment length polymorphisms (RFLPs) using anonymous genomic and cDNA probes, substantial changes in fragment patterns were observed, indicating rapid genome evolution (Song et al. 1995) . Similarly, Feldman et al. (1997) and Liu et al. (1998b) showed that low-copy DNA sequences were rapidly and specifically eliminated in resynthesized Triticum and Aegilops polyploids. Liu et al. (1998a) also used low copy coding sequences as rapa and B. oleracea, respectively; A and C represent the cytoplasmic genomes, and aa and cc the nuclear genomes. Self-pollinations are represented by a circled X. The Aaacc and Caacc lineages were developed simultaneously, and have the same pedigree structure. However, there is no direct correspondence between Aaacc and Caacc plants at any given position in the pedigree.
RFLP probes with the resynthesized Triticum and Aegilops polyploids and found fragment pattern changes. Although evidence has not been reported, these types of genomic changes could affect expression of genes controlling traits that are important to the adaptation and success of a new polyploid, such as flowering time.
In this report we present flowering time data for several generations of the resynthesized Brassica napus polyploids used previously to study rapid genome evolution (Song et al. 1995) . The two original polyploid plants, derived by reciprocal hybridization and chromosome doubling, should have been homozygous for each homologous chromosome pair, as should all progeny deriving from them. However, we present data of four experiments showing that there is stable and heritable variation for flowering time among lines derived from a single resynthesized polyploid.
Materials and Methods
B. napus polyploids were resynthesized from reciprocal interspecific hybridization between single plants of B. rapa cv. Flowering Pak Choi (2n ϭ 20, genome designation Aaa) and B. oleracea CrGC3-1 (2n ϭ 18, genome designation Ccc) (Song et al. 1993 ). An individual amphihaploid plant from each reciprocal cross (Aac and Cac) was colchicine treated and self-pollinated to obtain S 1 seed [referred to as F 2 seed in Song et al. (1993) ]. Hybrid plants and all later-generation resynthesized polyploids were self-incompatible (the B. rapa parent was self-incompatible and the B. oleracea parent was self-compatible), requiring all self-pollinations to be done by bud-pollination. The individual amphidiploid plant and all progenies derived from them are referred to as a lineage. Hence there is an Aaacc lineage and a Caacc lineage. A single S 1 plant from each lineage was self-pollinated to obtain S 2 seed [referred to as F 3 seed in Song et al. (1993) ]. Three S 2 plants from each lineage were advanced by single plant descents to the S 6 generation, establishing three sublineages within each lineage ( Figure 1) .
In experiment 1, S 6 seeds were germinated and grown in flats containing 2.5 in.
3 receptacles using Jiffy mix soil (Jiffy Products of America, Batavia, IL). The plants were grown under fluorescent lights (16 h daylength) at 21ЊC for 1 month. They were then transplanted to 4 in. pots with Jiffy mix soil and grown under fluorescent and incandescent lights (16 h daylength) in a growth chamber at 21ЊC. Plants were watered with 0.5ϫ Hoagland's solution. A total of 16 S 6 plants, 2-3 plants from each of the three sublineages within each of the two lineages, were grown. Plant placement under both the fluorescent lights and in the growth chamber was completely random. Flowering data was recorded as days to flowering ( DTF) from seed sowing and leaf number ( LN) as the number of nodes on the main axis to the first flowering node. We use the term ''leaf number'' instead of ''node number'' to be consistent with the terminology used by Arabidopsis thaliana flowering time researchers (Koornneef et al. 1991; Lee and Amasino 1995; Levy and Dean 1998) . Each of the 16 S 6 plants was self-pollinated to generate families of S 7 seed.
In experiment 2, S 7 seeds were germinated and grown as described for experiment 1, except that they were kept under only fluorescent lights for their entire life cycle. A total of 96 S 7 plants, 6 S 7 plants from each of the 16 families, were grown in a completely random design. Flowering data was recorded in the same way as in experiment 1. For both LN and DTF, analysis of variance (ANOVA) was performed using PROC GLM in SAS (SAS Institute 1988) . The analyses included lineage, sublineage ( lineage), and family [sublineage ( lineage)] as nested random effects. Eight plants were selected based on days to flower; two having early flowering times and two having late flowering times from each lineage. Each of the selected plants was both self-pollinated (S 8 ) and also testcrossed ( TC 1 ) as a male to a double-haploid line of the natural B. napus cultivar Stellar.
In experiment 3, both S 8 and TC 1 plants were germinated and grown until flowering began in flats containing 2.5 in.
3 receptacles using Jiffy mix soil, under fluorescent and incandescent lights (16 h daylength) in a growth chamber at 21ЊC. Plants were watered with 0.5ϫ Hoagland's solution. A total of 90 plants, 2-6 S 8 plants and 6 TC 1 plants from each of the eight testcrosses, were grown in a completely random design. Flowering data was recorded in the same way as in experiment 1. At the time of flowering, the TC 1 plants were transferred to 6 in. diameter pots and self-pollinated to produce TC 1 S 1 seed.
In experiment 4, 40-50 TC 1 S 1 plants were grown from each of 8 TC 1 plants: 2 TC 1 plants from each of four testcrosses derived from one early and one late S 7 plant from different sublineages of each lineage. Plants were grown and data were collected as in experiment 3. ANOVA was preformed as in experiment 2 for both LN and DTF using PROC GLM in SAS (SAS Institute 1988) . The analyses included lineage, sublineage ( lineage), and TC 1 [sublineage ( lineage)] as nested random effects.
Results
The S 6 progenies (experiment 1) showed a wide range in DTF (39-75 DTF; Figure 2 ) and LN (9-24 leaves, data not shown). Plants from both lineages covered most of the entire range; however, plants within sublineages had smaller ranges. The correlation coefficient between leaf number ( LN) and days to flower ( DTF) for S 6 plants was 0.85.
The range in mean values for DTF ( Figure 2) and LN (data not shown) of the S 7 progenies (experiment 2) were slightly more compressed than the ranges of the S 6 parents. However, the range in values of the individual S 7 progeny for DTF (39-73 DTF) and LN (8-21 leaves) were very similar to those of the S 6 parents.
In the ANOVA for DTF of S 7 progenies, Figure 2 . Parent-offspring regression of S 6 -S 7 generations for days to flower. Each value for the S 6 generation is based on a single plant. Each value for the S 7 generation is based on a mean of six plants. lineage was not a significant effect (P Ͼ .25); however, sublineages within lineages and families within sublineages were both significant (P Ͻ .001 and P Ͻ .05, respectively). Similar results were obtained in the ANOVA for LN of S 7 progenies; lineage was not significant, but sublineages within lineages and families within sublineages were both highly significant (P Ͻ .005 and P Ͻ .001, respectively). The correlation coefficient between LN and DTF of the S 7 plants was 0.75. Parent-offspring regression of the S 6 -S 7 generations for the trait days to flower ( DTF) was calculated using data collected in experiments 1 and 2 ( Figure 2 ). The slope of the line was 0.6 and the correlation coefficient was 0.74. Eight S 7 plants were selected, two early and two late-flowering plants from each lineage, and advanced by selfing and testcrossing. Flowering time data for the selected S 7 plants (experiment 2), their S 8 and TC 1 progenies (experiment 3), and the TC 1 S 1 generation (experiment 4) are presented in Table 1 . In general, the variation in DTF and LN observed for the selected S 7 plants was maintained in self-pollinated and testcrossed progenies. A notable exception was TO 1046, a late-flowering selection from Caacc sublineage 3. In the S 8 and TC 1 generations, plants derived from TO 1046 had very similar DTF and LN as those derived from TO 1039 (an early-flowering selection from the same Caacc sublineage 3) and the other early-flowering selections ( Table 1) .
ANOVA of TC 1 S 1 plants gave similar results to the ANOVA of S 7 plants. For DTF, lineage was not a significant effect (P Ͼ .25); however, sublineages within lineages and TC 1 within sublineages were both significant (P Ͻ .005 and P Ͻ .05, respectively). Comparable results were obtained in the ANOVA for LN; lineage was not significant, but sublineages within lineages and TC 1 within sublineages were both significant (P Ͻ .005 and P Ͻ .05, respectively). The correlation coefficient between LN and DTF was 0.72 for S 8 plants, 0.79 for TC 1 plants, and 0.56 for TC 1 S 1 plants.
Discussion
Allopolyploid speciation occurs through the joining of two genomes in a new combination; and thus it has the important genetic consequence of fixing intergenomic heterozygosity (MacKey 1970) . Paradoxically, allopolyploidy also creates a genetic bottleneck for the new species because of the limited number of alleles that can be transmitted in each interspecific hybridization event (Stebbins 1971) . Genetic diversity may be broadened by multiple polyploidy events contributing to the new species (Soltis and Soltis 1993) . Likewise, genomic instability of newly formed polyploids, as detected in molecular studies ( Feldman et al. 1997; Liu et al. 1998a,b; Song et al. 1995) , also could be an important factor for creating phenotypic variation in new polyploids.
Here we present data showing de novo variation for flowering time in resynthesized B. napus. All plants within a lineage were derived from the same S 1 plant and should be homozygous for a single allele at homologous loci. [Embryo rescue and colchicine treatments could give rise to anueploids, but we are not aware of any reports describing other types of mutations associated with these treatments. Song et al. (1995) cytologically analyzed the S 4 plants in these lineages and found all contained complete chromosome sets (n ϭ 38).] Consequently all plants in a lineage would be expected to show the same phenotype. However, when S 6 plants were grown in experiment 1, we observed substantial variation in flowering time.
Each lineage was divided into three sublineages at the S 2 generation; hence our polyploids had been isolated into several independent subpopulations soon after the polyploid event. Song et al. (1995) found that genome changes had occurred both among sublineages and among plants within sublineages (S 4 fam-ilies). Similarly we observed significant phenotypic variation in flowering time both within and among sublineages. In the ANOVA of S 7 plants, families within sublineages and sublineages within lineages were both significant sources of variation for DTF and LN, suggesting that heritable variation in flowering time existed in the S 2 generation where sublineages were derived and in the S 6 generation where families were derived. AN-OVA of the TC 1 S 1 generation gave very similar results as seen in the analysis of S 7 plants; TC 1 plants within sublineages and sublineages within lineages were both significant sources of variation for DTF and LN. Evidence for heritable variation also came from results of parentoffspring regression for DTF ( Figure 2 ) of the S 6 -S 7 plants. The slope of the line (0.6) can be taken as a measure of heritability, and it indicates that variation in flowering time of these materials is highly heritable.
Leaf number ( LN) serves as a measure of growth required to reach reproductive maturity. There were high correlations between LN and DTF of the S 6 plants and other generations. Most ecotypes and many mutants of A. thaliana have high correlations between DTF and LN (Jones 1971; Koornneef et al. 1991) , which suggests a genetic constraint exists between plant size ( leaf number) and age (days to flower) (Pigliucci 1998) . A lack of correlation would likely be an indication of a severe genetic abnormality (i.e., a plant taking very long to flower yet remaining very small).
Light quality is an environmental factor known to have a large impact on flowering time ( Koornneef et al. 1998) . Increased farred light, which is detected by phytochromes, has been shown to speed plant growth and decrease the time to flowering ( Levy and Dean 1998) . All S 8 plants flowered more quickly than the S 7 parents ( Table 1). This acceleration of flowering can be attributed to the difference in growth conditions between experiment 2 and experiment 3. Most notably, plants were grown under both fluorescent and incandescent lights in experiment 3, which provided a low red:far red (R:FR) ratio, while they were grown only under fluorescent lights in experiment 2, which gave a higher R:FR ratio.
In addition to the S 8 plants flowering more quickly relative to the S 7 plants, there was also a disparate response between the ''early'' S 8 plants and ''late'' S 8 plants ( Table 1) . The early S 8 plants had reduced LN and not substantially shortened DTF as compared to their S 7 parents, while the late S 8 plants had greatly reduced LN and greatly shortened DTF than their S 7 parents. Hence there is the potential that the late-flowering types differ from the early flowering types in their ability to detect light quality. The effect of these growth conditions also could explain, in part, the difference in flowering time between TO 1046 (a late-flowering S 7 selection) and its early flowering S 8 and TC 1 progenies.
An interesting question about these newly synthesized polyploids is whether novel genetic variation has arisen at the same loci for which variation exists in natural populations. Rieseburg et al. (1996) observed that the genomic composition of resynthesized sunflower hybrids was very similar to that of natural hybrids and hypothesized that parental genes may constrain the genetic potential of the new species. Feldman et al. (1997) found that low copy sequences present in the diploid progenitors of wheat were specifically lost in both natural polyploid wheat and in resynthesized polyploids. Similarly, there may be common pathways and loci that are affected by polyploid evolution to create genetic variation for important adaptive traits, such as flowering time.
Genomic regions containing major flowering time genes have been identified in natural populations of B. napus, B. rapa ( Ferreira et al. 1995; Osborn et al. 1997; Teutonico and Osborn 1995) and B. oleracea ( Bohuon et al. 1998; Camargo and Osborn 1996; Kennard et al. 1994) . These same regions could be tested for changes in effects on flowering time in the resynthesized polyploids. If evidence is found for significant changes at these loci, then additional studies could address another important question: What is the mechanism by which new allelic variation is created? Many of the genes influencing flowering time have been identified in the related crucifer species A. thaliana ( Koornneef et al. 1998 ). Some of the flowering time genes in Brassica appear to be homologous to A. thaliana genes that have been or may be cloned soon (Osborn et al. 1997) . Thus the Brassica genes could be cloned by homology and analyzed to determine the mechanism by which new variation arose in these resynthesized polyploids.
